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A method for evaluating the porosity volume content in composite 
laminates using the slope of the ultrasonic attenuation with respect 
to frequency has been reported before in these proceedings l ,2. The 
method was first applied to laminates laid up from unidirectional prepreg 
tapes and has now been extended to the case of woven composite laminates. 
It was found that a linear relationship still holds between the porosity 
volume fraction and the attenuation slope; however, the constant of 
proportionality is quite different for the case of woven laminates. 
This difference is attributed to the differences in pore morphology 
in the woven and nonwoven laminates. Qualitatively, the voids are flatter 
and longer (needle-like or strip-crack-like) in the interlaminar region 
of nonwoven laminates of unidirectional prepregs and are very effective 
in blocking the sound energy. On the other hand, voids tend to be local-
ized in the resin-rich pockets of woven laminates and remain spherical, 
as shown in Fig. 1. The attenuation and the slope of the attenuation 
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Fig. 1. Top view (a) and cross-sectional view (b) of porosity in woven 
graphite polyimide laminates 
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are therefore lower (by about a factor of 2) in the woven composite 
for the same amount of porosity content. Quantitatively, the "void 
content-attenuation slope" relationship is modeled for both woven and 
nonwoven laminates in terms of the scattering amplitude of P-waves from 
voids of different shapes. The simple model gave satisfactory interpreta-
tion of the measured results. More important, the experimental results 
established a straightforward "rule of thumb" that the void content 
(in percent) of woven laminates is equal to approximately four times 
the numerical value of the attenuation slope in units of Np/cm MHz. 
However, before such relationship can be of practical value, they must 
be tested for robustness against material variability on different groups 
of specimens. In this work, the above relationship was tested on woven 
graphite polyimide laminates of different thickness and on woven graphite 
epoxy laminates. The relationship held up quite well in these material 
variability tests. 
SPECIMEN AND MEASUREMENT METHOD 
Three groups of woven composite samples 3 were used in this study. 
The relationship (Eq. 2 below) was based on measurement results made 
on a set of 10 coupons of woven graphite-polyimide (PMR15). These coupons 
consist of six plies of 8-harness satin weave and cover a porosity content 
of zero to 10-12% as determined by acid digestion. The thicknesses 
of the samples varied from 0.20 cm for void free coupon to about 0.24 
cm for 12% void. The relationship was then tested on a group of thicker 
coupons 0/4" and 1/2") of the same materia1. Finally the method was 
applied to a third group of coupons of woven graphite epoxy containing 
0-5% of voids to test its dependence on the matrix material. The graphite 
epoxy coupons also have a coarser weave pattern than the polyimide coupons. 
The attenuation slope was measured using the method described in 
Ref. 1. Broadband ultrasonic pulses with a typical frequency range 
of 2-16 MHz (at the 10% points of the amplitude spectrum) were used. 
Attenuation as a function of frequency over the bandwidth of the transducer 
was obtained in a single measurement, followed by data processing in 
the frequency domain. In the woven laminates of both polyimide and 
epoxy matrix, the attenuation is fairly linear with respect to frequency 
over the bandwidth studied. Figure 2 shows the measured attenuation 
versus frequency on a woven graphite PMR15 coupon containing about 8.7% 
void. The linearity is usually poor at very low porosity levels where 
the attenuation value and the attenuation slope are both small. The 
attenuation slope can be measured reliably and independent of the transducer 
bandwidth. Figure 3 shows the da/df of ten graphite polyimide coupons 
measured with two transducers with bandwidth of 1-12 MHz and 1-20 MHz 
respectively. 
POROSITY CONTENT ESTIMATION 
To model the porosity-induced attenuation in woven laminates, we 
assume that the voids are spherical and ignore multiple scattering effects. 
A derivation for spherical voids similar to that in Ref. 2 easily leads 
to the following results: 
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Fig 2. Attenuation results obtained in a single broadband measurement 
on a woven graphite po1yimide laminate containing about 8.7% 
void. 
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Fig. 3. Attenuation slope measured at two transducer bandwidths: 
1-12 MHz and 1-20 MHz. 
where P is the void volume fraction, VL is the longitudinal sound velocity 
normal to the plies, and r~ is the slope of the reduced scattering ampli-
tude (as a function of ka) of a spherical void at its inflection point. 
rs depends on the longitudinal and shear velocity ratio VL/Vs and may 
be viewed as a material constant. For woven graphite po1yimide, the 
material constants are VL - 0.28 cm/~s and rs ~ 1.24. Figure 4 shows 
the experimental results and model prediction of the attenuation slope 
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Fig. 4. Correlation between da/df and void content in woven graphite 
polyimide. The dashed line is the prediction of Eq. (2). 
versus percent porosity. The model prediction (dashed line) is based 
on Eq. (1) and also the experimental result4 that there is an apparent 
10-15% decrease in VL at a void content of 12% or so. As an approximation, 
the void content (in percent) may therefore be predicted by the following 
relationships: 
P '" 4(da/df) (2) 
where da/df is in Np/cm MHz. 
Equation (2) was first tested on thicker woven graphite po1yimide 
laminates. Poor void content predictions were obtained for two 1/4" 
thick coupons, which subsequently were found to contain extensive de1am-
inations. On two 1/2" thick coupons containing no delaminations, the 
attenuation slope method (Eq. 2) predicted 1.5% and 1.9% voids and the 
corresponding void contents determined by acid digestion were respectively 
1.2 and 1.4%. The agreements are quite good. A more severe test of 
Eq. (2) was performed to predict the void contents in a set of woven 
graphite ~ laminates. The material constants of the two systems 
were close enough to expect that the approximation of Eq. (2) should 
remain valid. The experimental results, shown in Fig. 5, indeed show 
excellent agreement between void contents predicted by da/df and void 
contents determined by acid digestion analysis. 
Strictly speaking, da/df in Eq. (2) should be the "excess" attenua-
tion slope cause by the porosity, above and beyond the background da/df 
of the void free material. However, the background attenuation slope 
was not subtracted from the experimental data presented here. (The 
reference signal in the experiment was the pulse propagated through 
water alone and not through a known void-free reference coupon.) It 
1066 
6 I I / 
W • / 
0.. 5- / <:> 
-
-' / v> 
!5 / 
>= 
/ 
"" 
4- ,/ 
-:::> 
z: / 
..... 
I- / I-
"" ... i:; 3- / 
-
>- / 
I- / c;:; 
<=> 2fo- / ~ e/ -0.. 
I- / z: 
..... / u 
"" H- / -~ / 4. / [..;. I I I I I 
0 1 2 3 4 6 
PERCENT POROSITY (BY ACID DIGESTlOIO 
Fig. 5. Comparison of ultrasonically determined void contents (using 
Eq. 2) in woven graphite epoxy laminates with those determined 
by acid digestion. 
is believed that the background da/df is small and does not appreciably 
change the void content estimation, as long as the porosity level is 
not too low. Also, the void content versus attenuation slope relationship 
was established on a set of specimens covering void contents of 0 - 12%. 
At such high levels as 10 or 12 percent, the background da/df is relatively 
unimportant. In practice one would expect a better accuracy if a void-free 
da/df can be established for the material at hand and substracted out. 
Once the background da/df is known, it would not be necessary to have 
a void-free reference coupon for the measurements. 
CONCLUSION 
The method of estimating the porosity volume fraction based on the 
slope of the ultrasonic attenuation with respect to frequency has been 
extended to the case of woven composite laminates. Because of the woven 
structure, the voids are mostly localized in pockets of resin and remain 
approximately spherical. This morphology has a large effect on the 
constant that relates P and da/df. For long and flat voids in laminates 
laid up from unidirectional prepregs, the equation corresponding to 
Eq. (2) is P ~ 2(da/df). It is therefore important to use prior knowledge 
about the laminate structure and pore morphology in estimating the void 
contents. The method has also been tested for material variability 
dependence. The simple relationship in Eq. (2) was found to hold fairly 
well in woven graphite polyimide laminates of widely different thickness 
and in a different matrix material (epoxy) as well. 
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